Two new species, Ripella decalvata and R. tribonemae (Amoebozoa, Vannellida), are described and the diversity of known strains assigned to the genus analyzed. Ripella spp. are closely similar to each other in the light microscopic characters and sequences of small-subunit (SSU) ribosomal RNA gene, but differences in the cell coat structure and cytochrome oxidase (COI) gene sequences are more prominent. SSU rRNA in R. platypodia CCAP1589/2, R. decalvata and R. tribonemae demonstrates an unusual pattern of intragenomic variation. Sequencing of multiple molecular clones of this gene produced numerous sequence variants in a number of specific sites. These sites were usually terminal parts of several variable helices in all studied strains. Analysis of all known Ripella strains shows that SSU rRNA sites differing between strains of different origin are mainly restricted to these areas of the gene. There are only two sites, which differ between strains, but not within genomes. This intragenomic variability of the SSU rRNA gene, seemingly characteristic of all Ripella spp., was never reported to be so extensive in Amoebozoa. The data obtained show another example of complex organization of rRNA gene cluster in protists and emphasize caution needed when interpreting the metagenomic data based on this marker.
Introduction
The genus Ripella was first established by Smirnov et al. (2007) within the family Vannellidae, however its first member was described more than a century ago. Initially, the species was named Amoeba platypodia (Gläser 1912) . It was later transferred into a newly created genus Vannella (Bovee 1965) , however, this point of view was not unanimously supported, as Page (1968) 
first included this species in the genus
Ripella was established to accommodate it ). Unfortunately, too few members of this genus have been morphologically characterized until now. In spite of the presence of 5 unnamed isolates within a clade corresponding to Ripella (Dyková et al. 1996 (Dyková et al. , 2005 (Dyková et al. , 2010 Dyková and Kostka 2013) , the genus has been remaining formally monotypic until now, and its diagnosis was mainly based on the characters of R. platypodia. Therefore, it contains very few differentiating morphological details, and outlines the group most reliably based on small-subunit ribosomal RNA gene sequence characteristics. In particular, it has been shown that members of the genus have an unusually short SSU rRNA gene with a number of deletions ).
The purpose of this paper is to describe two new Ripella species and analyze unusual pattern of variability in their small-subunit (SSU) ribosomal RNA gene, which seems to be characteristic for the whole genus.
Material and Methods
Amoebae isolation, culturing and microscopy.
Three strains of Ripella were investigated during this study: (1) R. platypodia CCAP 1589/2 originally isolated by F.C. Page (Page 1968) ; (2) R. decalvata n. sp. Negev 3-2c, isolated from a sample of bottom sediment picked from the freshwater habitat in Ein Yorke'am (Negev desert, Israel; N30.938562 E35.04087) in 2011; (3) R. tribonemae n. sp. SK1 isolated from the culture of a green alga Tribonema sp. kindly provided by Prof. S. Karpov (St-Petersburg State University). The latter strain was originally identified in TEM sections as co-inhabitant of this culture, and later recovered using light microscopy. The newly isolated strains were cloned twice, and subsequent studies were performed only on clones. Cultures were maintained in liquid Prescott and James (PJ; Prescott and James 1955) medium with addition of Cerophyl as a source of nutrients (0.025% w/v). For detailed light microscopic investigations amoebae were allowed to attach to glass coverslips in a drop of medium and observed on temporary slides sealed with Vaseline to prevent drying. Either Carl Zeiss Axiovert 200 or Leica DM2500 light microscopes were used for observations, both with differential interference contrast (DIC) and 100× oil immersion lenses. Direct observations in cultures, including studies of the floating forms, were additionally performed using a Leica DMI3000 inverted microscope with phase contrast and integration-modulation contrast (IMC). Transmission electron microscopic (TEM) studies were performed on Negev 3-2c and SK1 strains. Amoebae were fixed directly in Petri dishes using the same protocol as described previously (Kudryavtsev 2014 ) and embedded in Embed 812 (EMS) epoxy resin after dehydration in a graded ethanol series followed by 100% acetone. Ultrathin sections were cut using Leica UC7 ultramicrotome and after a standard double-staining observed using a JEOL Jem1400 electron microscope operated at 80 kV.
Molecular phylogenetic study
Total DNA was purified from the cultures using guanidine isothiocyanate method (Maniatis et al. 1982) . Complete sequences of the small-subunit (SSU) rRNA gene and sequences of the barcoding region of COI gene were obtained as described previously (Kudryavtsev and Pawlowski 2015) . To evaluate the degree of variability between different molecular clones in the SSU rRNA gene, amplicons were cloned, and complete sequences of multiple clones were obtained. In order to exclude Taq-polymerase influence on the detected variability through PCR recombination, three amplification approaches where applied: (1) amplification using standard optimal conditions; (2) amplification with annealing temperature increased to the maximal value, at which the product could still be obtained (identified by gradient PCR); (3) amplification with maximal annealing temperature and maximal dilution of genomic DNA template (1000-10000×). Amplification products were purified using DNA Cleanup PCR Purification Kit (Evrogen), ligated into pTZ57R/T vector (Fermentas) and cloned in competent E.coli cells strain JM107. Not less than 40 molecular clones for each strain were sequenced on an ABI Prism 3500xl automated sequencer.
Multiple sequences of Ripella spp. obtained during this study were automatically aligned with each other using MUS-CLE algorithm (Edgar 2004) in Seaview v. 4.6.2 (Gouy et al. 2010 ). Afterwards, they were manually aligned with our database of >500 sequences of various Amoebozoa and opisthokonts and unambiguously identified based on this alignment as belonging to Ripella spp. due to specific deletions typical of this genus. To determine the location of the sites where intragenomic variation of the SSU rRNA gene occurred, the secondary structure of the SSU rRNA molecule was reconstructed based on the models proposed by Wuyts et al. (2000 Wuyts et al. ( , 2001 taking into account the alignment of the sequence with previously reconstructed SSU rRNA models of Amoebozoa (Kudryavtsev 2014; Kudryavtsev et al. 2009 Kudryavtsev et al. , 2014 Sims et al. 1999) . Structure of some of the helices was reconstructed using mfold server (Zuker 2003 ). The final model was drawn using Adobe Illustrator. To reconstruct the phylogenetic relationships of Ripella spp. with the other Vannellidae based on the SSU rRNA gene sequences an alignment was constructed consisting of 90 sequences comprising members of the order Vannellida (80 sequences) and Dactylopodida (10 sequences) used as an outgroup with 1404 unambiguously aligned nucleotide sites. In an attempt to get a better resolved tree showing the relationships within the genus Ripella an alignment consisting of only available sequences of Ripella spp. (24 sequences) and 1520 nucleotide sites was constructed to build the unrooted tree. For phylogenetic analysis based on the COI gene an alignment consisting of the 14 obtained sequences and 37 published sequences of the other Amoebozoa with 663 nucleotide sites was constructed. Phylogenetic trees were reconstructed using maximum likelihood (ML) 
Results

Light microscopic morphology of the living amoebae
Both species demonstrated very similar morphology when studied with the light microscope, we therefore provide a common description paying special attention to the differences in details between the two strains. During locomotion amoebae adopted a fan-shaped morphotype (Smirnov and Brown 2004) , and were rounded, fan-shaped or elongated triangular in above view. The anterior margin of the locomotive forms was always arc-shaped, while the lateral and posterior margins could be convex or straight. Overall diversity of the locomotive forms could be schematically represented by 6 variants summarized in Fig. 1 with unequal frequency of occurrence (Table 1 ). The most typical locomotive forms (51.4% in R. tribonemae n. sp. and 54.2% in R. decalvata n sp.) were rounded or fan-shaped, with rounded lateral and posterior margins (Figs. 2, 12 ). About 1/5 of the cells in both species had a straight posterior margin, perpendicular to the direction of movement, while another 1/5 of the cells had elongated triangular shape with tapering posterior end (Figs. 2, 13, 14) . The least frequently adopted shapes were those of a "fan with a handle" forming a tapering, elongated uroidal projection (Figs. 3, 16) , and those with straight lateral edges, parallel to the direction of movement (Fig. 15) . Amoebae typically adopted the former shape when their posterior margin temporarily adhered to some object, usually a bacterial floc or the substratum, when locomotion was observed in the Petri
Figs. 2-11. Ripella tribonemae n. sp. Light (2-7) and electron (8-11) micrographs. 2. Most frequent shapes of the locomotive forms on the glass surface (DIC). 3. One of the rare shapes adopted during locomotion (DIC). 4. Amoeba changing the direction of movement with the frontal hyaline area divided into two parts moving in the opposite directions (DIC). 5. Amoeba during non-directional movement (DIC). 6. Floating form in culture (phase contrast). 7. Nucleus in the living amoeba (n; DIC). 8-9. Vertical sections of the cell coat showing glycostyles (g) and simple filaments (f) making up parts of the glycocalyx. 10. Tangential section of the cell surface showing bases of the glycostyles (b) and glycostyle cross-sections at different levels (arrowheads). 11. Section of a mitochondrion near nuclear envelope (ne). Scale bar = 10 m in 2-7, 0.25 m in 8-11. dish. The prominent frontal hyaline area usually surrounded posterior mass of granuloplasm from anterior and lateral sides and occupied 1/3-1/2 of the cell. There were no subpseudopodia, but the anterior margin of the cell could be somewhat wavy in R. tribonemae (Fig. 2) . Uroid was smooth. Change of direction during locomotion occurred frequently, by the lateral expansion of the hyaline area towards the new direction of movement. Sometimes during this process the frontal hyaline area became temporarily split into two parts expanding in two different directions (Fig. 4) . Rate of locomotion at room temperature (+18-22 • C) was 21-38 m/min (average 29 m/min; n = 22) in R. decalvata n. sp. and 13-28 m/min (average 19 m/min; n = 5) in R. tribonemae n. sp.
Non-directionally moving and stationary amoebae had an irregular shape (Figs. 5, 18) , usually rounded or elongated. Their peripheral hyaline area was narrower than in the loco-motive forms and had an uneven margin. Floating forms were radial, their cytoplasm consisted of a spherical central mass of granuloplasm and 3-7 radiating hyaline pseudopodia that were straight or slightly curved (Figs. 6, 17) . Length of the pseudopodia was 2-3 times the diameter of the central granuloplasmic mass. Spontaneous formation of the floating forms was very rarely observed either in culture (Fig. 6 ) or on slides (Fig. 17) . For observation, their formation had to be induced by agitation of the culture. Amoebae had a single nucleus that was conspicuous, and usually was located in the anterior part of the granuloplasm, near the border between posterior granuloplasm and the anterior hyaline area. The nucleus had an oval shape with the large nucleolus occupying significant part of the nuclear volume (Figs. 7, 19) . The nucleolus in R. tribonemae had often somewhat uneven, lobate surface ( Fig. 7) , while the surface of a nucleolus in R. decalvata was usually smooth (Fig. 19) . Granuloplasm of both species contained a single contractile vacuole usually located close to the posterior cell margin, a number of digestive vacuoles with engulfed bacteria, and a number of granules, among which some had a spherical shape and diameter below 1 m, while others were elongated and were 1-1.5 m in size. Encystment was never observed in our cultures. Amoebae fed on bacteria, the phagocytosis occurred either on the ventral side of the cell, when amoeba crawled over the food object (Fig. 2) , or in the lateral parts of the hyaline margin, where the small trophic projections could extend towards the food objects as the cell was moving past them.
Electron microscopy
Ripella tribonemae SK1 n. sp.
The cell coat of this species consisted of a typical plasma membrane covered with the fuzzy basal layer of medium electron density, which was 9.02-17.15 nm thick (average 13.04 nm; n = 18). Pentagonal tower-like glycostyles were emerging from this layer . Measured length of the glycostyles was 58.43-108.92 nm (average 87.34 nm; n = 69). Filaments 138.75-208.92 nm long (average 171.58 nm; n = 20) were seen between the glycostyles in favorable sections (Fig. 9 ). Tangential sections of the cell coat showed glycostyles cut at different levels typically demonstrating star-like pentagonal structure (Fig. 10 ). Distance between neighboring glycostyles measured in sections was 30.71-89.84 nm (average 54.5 nm; n = 36). Diameters of the glycostyle bases measured in tangential sections was 46.89-62.18 nm (average 57.1 nm; n = 11). Mitochondria ( Fig. 11 ) had branching tubular cristae, and the nucleus in sections was irregularly ovoid, with inconspicuous central nucleolus. The nuclear envelope did not carry any additional structures (Fig. 11 ).
R. decalvata n. sp. Negev 3-2c
The cell coat consisted of the plasma membrane covered with a loose layer of bent filaments (Fig. 20) , which did not demonstrate any complex structure in the tangential sections (Fig. 21) . Thickness of this layer measured in the sections was 39.52-63.16 nm (average 49.91 nm; n = 26), while distance between neighboring filaments was 17.06-39 nm (average 27.02 nm; n = 28). Nucleus in sections was irregularly ovoid, with the central nucleolus (Fig. 22) . Mitochondria had branching tubular cristae, and were often located adjacent to the cisternae of rough endoplasmic reticulum (Fig.  24) .
Molecular phylogenetic relationships of the studied strains Small-subunit (SSU) rRNA gene
The SSU rRNA gene sequences of the two newly isolated strains and, in addition, the original strain of R. platypodia CCAP 1589/2 were unusually short as they lacked several considerable parts in the regions V2 and V4. Numbering of the SSU rRNA structural elements is given hereinafter according to Wuyts et al. (2000 Wuyts et al. ( , 2001 . Example of the SSU rRNA secondary structure reconstructed for R. platypodia is shown in Supplementary Fig. S1 . Specifically, in the region V2 helices 8/e1-9 were significantly shorter than in other amoebozoans and helix 10/e1 completely absent. The hypervariable helices 23/e1-23/e7 of the region V4 were completely missing. The hypervariable region V7 (helix 43) was significantly shorter that in many discoseans (e.g., Dactylopodida and many Longamoebia), but comparable in length to the rest of the Vannellida. Phylogenetic analysis of the sequences resulted in a robust placement of the studied strains in a long clade of Ripella spp. branching deeply within Vannellida (Fig. 25) . Taxonomic composition of this clade did not depend on either taxonomic sampling of the tree, or the set of alignment positions used. Besides the strains studied here, the clade comprised sequences of R. platypodia CCAP 1589/2 and Ripella cf. platypodia from CCAP 1555/2 obtained by Smirnov et al. (2007) . Unnamed strains Ripella spp. SUM1S/I, CAZ6/I, CAZ7/I, W181G/I, GERL14, GERL34, 805, DP13, GP2 and PS2, as well as an unnamed strain BEN3V originally designated Vannella sp. (Dyková and Kostka 2013; Dyková et al. 2005 Dyková et al. , 2010 ) also belonged to this clade. The clade of Ripella spp. was always robustly supported, however, its internal nodes and topology were moderately to poorly resolved and differed from what we expected based on identities of the previously obtained sequences and morphological comparison. In particular, a robustly supported clade was formed by Ripella spp. strains CAZ6 and W181G, which was sister to a clade formed by the rest of Ripella spp. R. tribonemae n. sp. was sister to GERL14 strain with moderate support (0.87/79), while R. decalvata n. sp. was sister to a clade comprising R. platypodia and several unnamed strains. This position was supported only in Bayesian tree (BPP = 0.91). Branching of the newly obtained sequences of R. platypodia CCAP 1589/2 was the most unusual, as they did not form a clade with the pre- viously obtained sequences of R. platypodia CCAP 1589/2 , branching instead as a sister to Ripella sp. GERL34, but without support (Fig. 25) .
The poorly resolved relationships within a clade of Ripella spp. might be caused by a low number of nucleotide positions available for analysis with the taxonomic set of all vannellids and several dactylopodids included in the tree (1404 nucleotide positions were chosen). As the sequences of Ripella spp. are short and strongly divergent compared to the other members of Vannellida, some of their nucleotide positions cannot be reliably aligned with those of the other genera, and some are completely missing. Therefore, an attempt to resolve the relationships in Ripella spp. was undertaken by analyzing the alignment consisting of only Ripella spp. (without outgroups) including as many positions as possible (Fig. 26) . In this case sequences of all initially obtained molecular clones for all three strains were included. Due to extremely high variability of the sequences in certain sites (see below), only 1520 nucleotide positions could be used. The tree obtained was not significantly better resolved than the previous one, but differed in the position of the newly obtained sequences and provided several insights into their relationships with other strains of Ripella. In particular, all molecular clones of R. tribonemae n. sp. formed a single clade that was sister to a clade comprising Ripella sp. SUM1S and Ripella cf. platypodia from the strain CCAP1555/2. A clade of these 3 strains was sister to Ripella sp. GERL14. Branching pattern of R. decalvata and the new sequences of R. platypodia was most interesting, as different molecular clones of R. decalvata did not form a single clade branching instead as a polyphyletic assemblage together with the previous and newly obtained sequences of R. platypodia CCAP 1589/2 and Ripella sp. GERL34. Interestingly, two molecular clones of R. platypodia CCAP 1589/2 sequenced during this study never formed a clade with the previously obtained sequences of this strain branching separately with different molecular clones of R. decalvata n. sp. (Fig. 26) .
Cytochrome oxidase subunit I (COI) gene
Lengths of the sequenced COI molecular clones of all Ripella spp. were 666 base pairs excluding PCR primers with the exception of one clone of R. decalvata carrying a deletion of one thymine residue in a position 619. Sequenced molecular clones of R. platypodia CCAP 1589/2 and R. decalvata n. sp. (7 clones for each species) have shown some level of variability within PCR-products that was 0-0.4% in both species (average 0.13 and 0.11% respectively). Variability between these species was 0.4-0.7% (average 0.47%), while that between each of these species and R. tribonemae was 5-5.2% (average 5.07 and 5.06%, respectively). In terms of the nucleotide substitutions this corresponded to 38 variable positions for all three species (Supplementary Fig. S2 ), but only two single-nucleotide substitutions occurred in all clones of R. platypodia and R. decalvata (positions 192 and 324) . Most of these substitutions were synonymous, as only 4 variable sites were seen in the amino acid alignment (221 positions), and no amino acid substitutions that occur simultaneously in all molecular clones of a single species were observed. A phylogenetic tree based on the COI gene nucleotide sequences (663 alignment positions) showed a robustly monophyletic clade of Ripella spp. branching as sister to Vannella spp., while Paravannella minima Kudryavtsev, 2014 was the most basal vannellid, regardless of the algorithm of analysis. All molecular clones of R. platypodia CCAP 1589/2 always formed a clade that was robustly sister to a clade of R. decalvata n. sp., and R. tribonemae n. sp. occupied a basal position (Fig. 27 ). Phylogenetic analysis of amino acid sequences yielded a similar tree topology, but R. platypodia and R. decalvata were completely mixed in this case.
Intragenomic variability of the SSU rRNA gene in Ripella
Comparison of the sequences from the initially obtained molecular clones of Ripella spp. SSU rRNA gene demonstrated several regions of the gene where the sequences were strikingly different, even though they were obtained from the product of a single PCR. Extensive cloning of the full-length PCR products of the three species yielded 42 sequences for Ripella tribonemae n. sp. SK1, 45 for R. decalvata Negev3-2c and 43 for R. platypodia CCAP 1589/2. Lengths of these sequences were 1679-1711 bp (average 1697 bp), 1691-1710 bp (average 1703 bp) and 1692-1713 bp (average 1703 bp), respectively. Sequenced clones of the SSU rRNA gene demonstrated a significant level of intragenomic variability, as only few pairs of identical molecular clones were revealed within each PCR product. Application of more stringent PCR conditions, in particular, diluted genomic DNA and increased annealing temperature (63 • C for R. tribone- mae n. sp. and R. platypodia, and 61 • C for R. decalvata n. sp.) did not reduce the number of sequence variants per reaction. Nucleotide differences between pairs of sequenced molecular clones within one strain were 0-10.5% (average 7.09%) for R. decalvata n. sp., 0-15.9% (average 7.7%) for R. tribonemae n. sp., and 0.3-11.7% (average 7.7%) for R. platypodia CCAP 1589/2. Differences in the short local variable regions were at the level of 0-74.6% (average 54.1%), 0-74.2% (average 54.1%) and 0.6-75.9% (average 54.1%), respectively. Differences between species comprised 4-12.5% of the nucleotides (average 8.6%) for R. platypodia and R. decalvata, 9.1-19.5% (average 12.2%) for R. platypodia and R. tribonemae and 8.6-19.8% (average 12.3%) for R. decalvata and R. tribonemae. Differences between species in the short local variable regions were 26.2-78.9% (average 56.6%), 53.5-80.7% (average 70.3%) and 51-82.2% (average 71.7%), respectively.
Analysis of the aligned sequences of revealed 9 areas shared between all 3 species (Supplementary Table S1 ) demonstrating intragenomic variability located in 8 hypervariable regions of the SSU rRNA gene and in helix 13, which is not assigned to any hypervariable region according to the secondary structure model of SSU rRNA (Wuyts et al. 2000 (Wuyts et al. , 2001 . In addition, two 3-nucleotide motifs showing 2 regular substitution patterns each were observed in helices 6/e1 and 23 in R. tribonemae n. sp. Areas where intragenomic variability occurred had variable length, and within these regions traces of all types of mutations, in particular, nucleotide substitutions, indels and duplications were observed. The number of different nucleotide patterns in each local region was finite, however, additional variability of the full sequences occurred by combining sites containing different nucleotide patterns within a single clone of SSU rRNA gene. Typically, dominating motifs were revealed in each of the variable regions, while other motifs were present in lower numbers (Supplementary Table S1 ). The maximal number of patterns inside the variable region was 25. Lower variability of the sequence motifs was detected in the helix 13 and region V9 (3-4 motifs detected), while regions V2-V5, V7 and V8 showed broader range of patterns.
Mapping of these intragenomic variability areas onto the secondary structure model of R. platypodia SSU rRNA shows that most of these areas are restricted to the terminal parts of the relatively variable helices ( Supplementary  Fig. S1 ). Therefore, presence of different nucleotide patterns most likely did not influence the structural function of the molecule, with the exception of the variability in a usually relatively conserved pseudoknot area in the region V4 (helices 23/e11-23/e14).
Discussion
Identification of the studied species
An assignment of the new strains to the genus Ripella is fairly easy, as they all form a single, robust clade in the molecular phylogenetic tree of Amoebozoa based on the SSU rRNA gene. This clade includes also previously sequenced R. platypodia and a number of unnamed strains previously studied and illustrated by Dyková et al. (1996 Dyková et al. ( , 2005 Dyková et al. ( , 2010 , and Dyková and Kostka (2013) . SSU rRNA gene of the studied amoebae shared features characteristic of the genus Ripella, in particular, it is one of the shortest among Amoebozoa, with extensive deletions in the regions V2 and V4. However, morphological identification and assignment to species are rather difficult in this genus, and can be reliably performed only based on combined, morphological, ultrastructural and molecular evidence. Based on light microscopy, the studied strains are difficult to distinguish from each other. The only reliable differences were in the length:breadth ratio of the locomotive forms that was 0.62-1.52 (average 0.98) in R. decalvata and 0.61-1.38 (average 0.88) in R. tribonemae indicating that the former species could become more elongated during locomotion, rate of locomotion that was faster in R. decalvata and also the shape of the nucleolus that could have more uneven and lobate surface in R. tribonemae than in R. decalvata.
Differences in the cell coat structure revealed using TEM were more reliable, as R. tibonemae possessed typical pentagonal tower-shaped glycostyles and filaments. By contrast, R. decalvata has a fuzzy cell coat without glycostyles. The species could be more easily distinguished from each other based on the molecular characters as they branched separately in the phylogenetic trees and demonstrated a number of characteristic nucleotide substitutions in both, SSU rRNA and COI genes (Supplementary Fig. S2 ). However, R. decalvata shows very few molecular differences from R. platypodia, type strain CCAP 1589/2 studied by Page (1968) and Page and Blakey (1979) . R. tribonemae branched as a separate, robustly supported clade in the molecular tree of Ripella spp. based on the SSU rRNA gene, which was sister to the unnamed strains SUM1S/I (Dyková et al. 2005) and Ripella cf. platypodia from CCAP strain 1555/2 . By contrast, different molecular clones of R. decalvata were scattered in the tree, and were mixed up with the molecular clones of R. platypodia CCAP 1589/2 sequenced during the present study. Moreover, two SSU rRNA gene sequences of the CCAP 1589/2 strain obtained previously ) branched separately from the sequences of this strain that we obtained. These differences may only be due to the individual variation between molecular clones (see below), moreover, a detailed comparison between the SSU rRNA gene sequences of the strains previously studied by Dyková et al. (2005) , and Dyková and Kostka (2013) shows that the only two strains well separated from other Ripella spp. are CAZ6 and W181G (Dyková et al. 2005) , while the variability between others is restricted to the revealed local areas of the gene showing putative intragenomic variability, so that it can be considered either as inter-, or as intraspecific variability. Yet, R. decalvata demonstrates two stable single-nucleotide substitutions in the COI gene, compared to R. platypodia. In addition, it differs from the latter species in the absence of glycostyles and filaments in the cell coat (Page and Blakey 1979) .
Differences in the cell coat structure may be interpreted in three different ways: (1) The cell coat structure is stable within the life cycle of the cell and strain, and should be considered as one of the characters useful for species identification. In this case, we may consider R. decalvata as a separate species from R. platypodia, as in addition to a different cell coat structure it differs from R. platypodia in SSU rRNA and COI genes. (2) The cell coat may change its structure within the life cycle of an individual cell or may vary between different clones of the same species. In this case, this character is not relevant for species identification in Ripella, and the only valid differences that remain are sta-ble differences in the molecular sequences that are present in all molecular clones. We may then easily consider all currently known Ripella strains except CAZ6, W181G and R. tribonemae as belonging to a single species R. platypodia. (3) The cell coat structure that we demonstrate in R. decalvata is an artifact due to the destruction of glycostyles during fixation and embedding. In this case, this strain has no differences from R. platypodia in the cell coat structure and may be assigned to this species. The latter option seems to be least probable, as these amoebae were fixed for TEM study simultaneously with R. tribonemae using the same protocol. This is hardly probable, that in all cells of the latter strain the glycostyles could be preserved, while in the former one destroyed by the same fixation procedure. Therefore, we need to select between the first 2 options, and in this case we prefer the former interpretation, i.e. that the differences in the cell coat structure may be considered as distinguishing species. This is the most simple and preferred explanation at the moment, as no data showing the opposite have ever been obtained. Therefore, we describe R. decalvata as a separate species. The results obtained suggest that it is necessary to evaluate the pattern of variability within Ripella in the cell coat structure, and understand how this pattern is related to the variability between different strains in the SSU rRNA gene sequences.
Species diversity in Ripella
Analysis of the published drawings and light micrographs of Ripella spp. (Dyková et al. 1996 (Dyková et al. , 2005 (Dyková et al. , 2010 Dyková and Kostka 2013; Page 1968; Page and Blakey 1979; Smirnov et al. 2007) shows that all currently known strains assigned to this genus are very similar to each other and to the type species R. platypodia in the set of light microscopic characters. Shapes and sizes of locomotive forms and structure of nucleus are nearly identical, while floating forms have only been illustrated for R. platypodia (Page 1968; Smirnov et al. 2007 ) and two species investigated during the present study. These amoebae are more diverse in the structure of their cell coat. Indeed, R. platypodia, R. tribonemae and strains CAZ6, DP13, GP2, PS2 and BEN3V studied by Dyková et al. (2005) , Dyková and Kostka (2013) have a glycocalyx that includes typical pentagonal glycostyles and simple filaments. It is noteworthy that the latter of the mentioned strains is listed among Vannella by Dyková and Kostka (2013) , but clearly belongs to Ripella based on our analysis, being most closely related to DP13 strain. By contrast, R. decalvata studied here, together with strains 805, CAZ7, GERL14, GERL34, SUM1S and W181G (Dyková et al. 2005 ; Dyková and Kostka2013) have a cell coat consisting of filamentous structures, usually 50-60 nm in length. This character can be more reliable for the morphological identification of species in Ripella, provided that it is stable within an isolate, however, the details of cell coat structure are poorly correlated with the molecular diversity of Ripella strains based on the SSU rRNA gene. Indeed, strains W181G and CAZ6 that form a separate clade in the phylogenetic tree (Fig. 26) have different cell coats. Strains 805 and GP2 are also closely related, while R. decalvata is most closely related to a type strain of R. platypodia. This is identical to the situation in the genus Vannella where pairs of species almost identical in the SSU rRNA gene sequences may also have contrasting cell coat structure ) and requires a reevaluation of the composition of Ripella spp. based on ultrastructure and molecular data to clarify the status of the unnamed strains belonging to this genus. Our findings show that SSU rRNA gene is hardly suitable as a molecular marker for this purpose as it shows a significant variability within a genome in these amoebae (see below) and its variation among many of the strains is restricted only to these short variable regions. There are only two regions in the SSU rRNA gene restricted to the helices 6/e1 and 8/e1 (positions 76-104 and 156-166 in R. platypodia CCAP 1589/2 EF051184, respectively) where the nucleotide patterns are stable within clones, but differ between them. Therefore, we suggest that another marker has to be used for molecular distinction of species in Ripella, and the COI gene can be a good candidate for this purpose, as it was previously shown in the other clades of naked lobose amoebae (Geisen et al. 2014; Nassonova et al. 2010; Tekle 2014; Zlatogursky et al. 2016) . Indeed, this marker yielded two stable single-nucleotide differences between R. platypodia and R. decalvata, which differ by their cell coat structure, while R. tribonemae differs from both of these species in 32 nucleotide positions ( Supplementary Fig. S2 ), which is significantly higher than the level of differences in the above mentioned areas of the SSU rRNA gene. This shows that this marker deserves attention, but, unfortunately, it has not been sequenced in any of Ripella strains besides those studied here.
Unusual pattern of SSU rRNA gene variability in Ripella
Ribosomal RNA genes are typically organized in the eukaryotic genomes as tandem repeats comprising SSU rRNA gene, a cluster of internal transcribed spacers and 5.8S rRNA gene (ITS1-5.8S-ITS2), and LSU rRNA gene (reviewed in e.g., Long and Dawid 1980) . Multiple copies of this array are usually present in the genome, but in most organisms they show little to no intragenomic variability due to the process of concerted evolution, which homogenizes sequences of multiple-copy genes within a genome (e.g., Brown et al. 1972; Dover 1982; Elder and Turner 1995; Ganley and Kobayashi 2007; Liao 1999) . However, exceptions showing intragenomic polymorphism in these genes were reported from both, unicellular and multicellular eukaryotes. The degree of this polymorphism is different. The studies performed on multicellular organisms were mostly focused on ITS loci (e.g., Campbell et al. 1997; Gandolfi et al. 2001; Hugall et al. 1999 ) with recorded intragenomic divergence of up to 26%. Fewer studies demonstrate intragenomic sequence polymorphism in the rRNA genes, but, for example, this polymorphism was recorded in 4 species of fungi (Simon and Weiss 2008) , and was shown to be repre-sented mainly by single-nucleotide polymorphisms (SNPs) evenly distributed along the analyzed parts of the markers.
The intragenomic variability of ribosomal cluster was also demonstrated in various groups of protists, for example, ciliates (Gong et al. 2013) , foraminifera (Pillet et al. 2012 ) and dinoflagellates (Gribble and Anderson 2007; Miranda et al. 2012) . In Amoebozoa some SSU rRNA gene sequence variation between different molecular clones of the same amplicon does occur, and is usually detected by sequencing multiple clones of the PCR product amplified from the genomic DNA. Smirnov et al. (2007) mentioned this for the first time in the SSU rRNA genes of Vannellidae and suggested this could be due to the intragenomic variation. Further, Nassonova et al. (2010) demonstrated sequence divergence at the level of up to 3.2% in the SSU rRNA gene and up to 7.5% in the ITS1-5.8S-ITS2 locus in Vannella spp. Similar variability in the SSU rRNA gene was shown in Himatismenida (Geisen et al. 2014; , Arcellinida (Kudryavtsev et al. 2009 ), Pellitida , some of the Archamoebae (Ptáčková et al. 2013 ) and some of the Dactylopodida (Kudryavtsev and Pawlowski 2015; Zlatogursky et al. 2016) . In most of the above-cited papers the detected variability of the ribosomal genes within the genome appears to be random. At the same time, in Korotnevella spp. (Zlatogursky et al. 2016 ) and some of the archamoebids (in particular, Mastigamoeba abducta and Rhizomastix libera; Ptáčková et al. 2013 ) the pattern of variability seems to be similar to our findings in Ripella. For example, in the studied species of Korotnevella the SSU rRNA gene variability within a clonal strain reached 9.4%, and besides random substitutions several repeated nucleotide motifs were detected in the helices 43 and 45/e1 (regions V7 and V8).
While the pattern of variability detected in the strains studied here is similar to these previous reports, the level of this variability appears to be the highest among Amoebozoa to our knowledge. The highest level of intragenomic differences between different molecular clones of the SSU rRNA gene in Ripella reaches 15.9%, which is comparable to differences between species, and this variation is mostly due to the presence of repetitive nucleotide patterns in restricted areas of the marker ( Supplementary Fig. S1 , Supplementary Table  1) . Identical location of these areas in 3 independently isolated strains suggests that this pattern of intragenomic SSU rRNA gene variation is a characteristic feature of the whole genus Ripella. This result poses further questions concerning the nature of this variability in Ripella. In particular, the results reported here suggest a violation of the concerted evolution process in Ripella, at least, to some extent. This is usually considered to be correlated with the number of copies of the ribosomal cluster in the genome and the presence of extrachromosomal copies of this locus, which is common in various unicellular eukaryotes (Gong et al. 2013; Long and Dawid 1980) . This suggests an unusual organization and high copy number of the ribosomal cluster in the genome of Ripella. The second question stems from the fact that our findings are based on the sequencing of amplicons obtained using the genomic DNA. Therefore, we cannot distinguish between transcribed and non-transcribed sequence variants. It was previously shown that, for example, in dinoflagellates about half of the variable LSU rRNA gene copies are pseudogenes, which are not expressed (Gribble and Anderson 2007) . The results reported here suggest that the observed variability seemingly does not violate the secondary structure of the SSU rRNA molecule, except probably in a site containing helices 23/e11-23/e14, so there is no evident reason for considering part of the sequences obtained to be non-expressed pseudogenes.
Anyway, the presented data show the uniqueness of the SSU rRNA gene in Ripella that causes consequences for the use of this marker as a DNA barcode and in metagenomic studies. In particular, the currently proposed 2-level concept of DNA barcoding in protists suggests the use of the hypervariable region V4 of SSU rRNA gene as the first-level "universal" barcode ). This is not possible in Ripella due to the absence of a hypervariable part of this region (made up of helices 23/e1-23/e7). With the considerable level of intragenomic variability, caution should be observed when the diversity of species in natural habitats is evaluated using SSU rRNA gene, as different sequence variants that can be attributed to different species may, in fact, originate from the same genome.
In search of a morphological definition of Ripella
Deeply-branching clades of Vannellida interpreted as different genera are usually difficult to define based on morphological characters (Kudryavtsev 2014) . Due to the small size of the cell, morphological differences are elusive, and the diagnosis of the genus Ripella is essentially based on molecular data ). However, a careful comparison of the genera based on the available data allows at least some suggestions as per how they can be distinguished morphologically. In particular, in spite of similarity in small size and cell coat structure, Ripella spp. differ clearly from Paravannella in having a predominantly arc-shaped posterior edge during locomotion (Fig. 1A) , and frontal hyaline area broadly expanding laterally, so that change of direction during locomotion is often accompanied by formation of two parts of hyaloplasm moving in the opposite directions. Moreover, the drop-shaped locomotive forms with expanded posterior end (Fig. 1C) are regularly adopted by the cells in Ripella (ca. 1/5 of all observations), and almost never present in Paravannella (Kudryavtsev 2014) . In addition, the floating form in Ripella has much longer and thinner radial pseudopodia than in Paravannella, while the nuclei in Ripella are larger, less elongated and have larger nucleoli than the predominantly ovoid to almost spindle-shaped nuclei of Paravannella.
Morphological differences between Ripella and Clydonella are less obvious and can only be deduced from the older light microscopic descriptions by Sawyer (1975a,b) . Unfortunately, none of the strains currently studied using molecular techniques (ATCC 50816 and ATCC 50884; Peglar et al. 2003) represents an original isolate of Sawyer, and for none of them a full set of morphological characters was reported and illustrated. Therefore, we can only assume that these strains were assigned to the genus Clydonella correctly. Based on the Sawyer's (1975a,b) descriptions, the main differences between Ripella and Clydonella are the presence on numerous pronounced dorsal waves over the frontal hyaline area and shorter pseudopodia of the floating form with less sharply pointed tips in the latter genus. In addition, Clydonella seems to be much faster during locomotion than Ripella (usually around 40 m/min).
Members of the genus Lingulamoeba mainly differ from Ripella by having a lingulate shape with length in most cases exceeding breadth (Dyková and Kostka 2013; Sawyer 1975a) and no radiating pseudopodia in the floating forms (where observed). The outlined differences suggest that based on the morphological data currently being accumulated, there is a potential for morphological distinction of even the smallest and highly similar vannellid genera. However, implementation of these differences in the morphological diagnoses currently seems to be premature as too few members of each genus have been studied, and only some of them may be assigned to species originally described when the genera were established. Detailed microscopic studies of more species are needed, preferably combined with molecular evidence based on the same strains, to facilitate usage of these data in the morphological designation of the genera.
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